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New electrodes for silver (II) 
h i g h l i g h t s
" Nb/BDD electrode can efficiently generate silver(II) in nitric acid media.
" The comparison with Ti/Pt has shown that the generation rate was very similar.
" Simulation successfully predicted the behavior of the system. 
t r a c t
Electrochemical processes based on the regeneration of silver(II) are very efficient for the destruction or dissolution of persistent substances. The aim of this work is to assess new anode materials to replace the conventional platinum electrode. The electrochemical generation of Ag(II) by oxidation of Ag(I) in HNO 3 (6 mol/L) was evaluated at boron doped diamond on niobium substrate (Nb/BDD) anode and results are compared with those obtained on Ti/Pt and Nb/Pt anodes. The performance of these anodes was evaluated in a filter press reactor in batch operation mode. The rate of Ag(II) generation obtained on the Nb/BDD anode is similar to that obtained on platinized electrodes. A theoretical model is presented to predict the behavior of the system. Good agreement is found between experimental results and the theoretical model.
Introduction
Processes involving mediated electrooxidation (MEO) have been extensively studied in the nuclear industry for the dissolution of contaminated materials or plutonium dioxide [1] [2] [3] [4] [5] and for the treatment of wastewater [6] [7] [8] [9] . Among all electrogenerated oxidants, Ag(II) is one of the most convenient for such treatments, due to its high standard potential (E°= 1.98 V versus SHE). This species can be prepared by electrochemical oxidation of Ag(I) in concentrated nitric acid. The main advantages of this process are the working conditions: room temperature, atmospheric pressure, oxidant regeneration and recycling.
The kinetic process of silver(II) generation has been widely studied [4, 5] on the platinum anode because of the good corrosion resistance and the electrocatalytic properties of this metal. The Ag(II) process implies several steps [5] : Ag(I) diffusion from the bulk to the anode surface, electron transfer and competitive reactions: water discharge and chemical reaction between Ag(II) and water [10] [11] [12] [13] . The electrode activity being a key factor in the process, materials such as: glassy carbon, dimensionally stable anode http://dx.doi.org/10.1016/j.cej.2012.09.010 (Ti/Pt, b-lead dioxide) and non-stoichiometric titanium oxide ceramic (TiO 2Àx ) have been investigated to find a substitute for the platinum [14] . The analysis of the rate constant of the oxidation of Ag(I), k ox , reveals that the kinetics for all the materials were slower than for platinum with the k ox values three to four times lower. In potentiostatic conditions, the formation of a highly reactive solid, AgO, which precipitated at the anode due to the high local Ag(II) concentration was observed on glassy carbon and b-lead dioxide. Consequently, a deactivation of the electrode has occurred.
Boron doped diamond thin film electrodes (BDD) are known to have a wide potential window in aqueous solution, to be chemically inert in very aggressive media, and to show low adsorption properties and a strong resistance to deactivation [15, 16] . BDD electrodes can act by direct electron transfer for potentials below that of water discharge or by indirect oxidation via electrogenerated hydroxyl radicals at high positive potentials in the region of water discharge [17] . Conducting diamond electrodes can be grown on various substrates such as silicon, titanium, niobium, tantalum, molybdenum and glassy carbon. For some industrial applications, niobium is chosen as substrate because of its mechanical robustness [18] . The electrochemical generation of Ag(II) on a Si/BDD anode has already been studied by Panizza et al. at the analytical scale in a conventional three-electrode cell [19] . In a previous study, cyclic voltammetry highlighted that a well-defined diffusion wave is obtained for the oxidation of 0.05 mol/L Ag(I) in 6 mol/L HNO 3 on a BDD anode [20] . Following these preliminary results, the aim of this paper is to study the electrochemical generation of Ag(II) in a two-compartment filter press reactor and to compare the performance of different anode materials: BDD on niobium substrate (Nb/BDD), titanium platinized with two different platinum thickness: 2 and 5 lm (Ti/Pt 2 lm and Ti/Pt 5 lm) and platinized niobium with 5 lm thick platinum (Nb/Pt 5 lm). A theoretical model taking into account the rates of Ag(II) electrochemical generation and the Ag(II) reduction by the water was developed and validated by experiments in the system developed.
Kinetic model
In the anodic compartment, Ag 2+ generated in aqueous nitric acid solution at 6 mol/L is stabilized by nitrate ion; thus in the absence of a reducing agent, most of the Ag(II) is present as a dark brown nitrate complex:
However, the increase of the Ag(II) concentration induces a rise of the rate of water oxidation according to:
Thus, the concentration of Ag(II) reaches a stationary value (resulting Eqs. (1) and (2)).
In the cathodic compartment, nitric acid is reduced to form nitrous acid.
Referring to a batch recirculation reactor system, a modeling study was developed to simulate galvanostatic electrolysis. This model is based on mass balance in which the rate of Ag(II) generation is expressed as the difference between the production rate R gen by electrolysis and the destruction rate by reaction with water R H 2 O :
The rate of Ag(II) production is given by:
where i Ag is the part of the current density used to generate Ag(II) (A/m 2 ), S is the electrode surface area (m 2 ), F, the Faraday constant (96 485 C/mol), n, the number of electrons exchanged (n = 1) and V s the total volume of the solution (m 3 ); in a first approximation the volume of the electrochemical reactor is considered as small (63 mL) with regard to the total volume of solution (1 L).
R H 2 O is the rate of Ag(II) hydrolysis; this redox reaction (Eq. (2)) has been well studied in nitric acid [10, 11] . Its kinetic law involves Ag(II) and Ag(I) concentrations:
k II is the kinetic constant of Eq. (2) The variation of Ag(II) concentration during electrolysis can be rewritten as follows:
Two different kinetic limitations are possible.
(i) Kinetic regime under diffusion limitation: when the applied current is higher than (or equals to) the initial limiting current, the partial current I Ag (A) is expressed using k (m/s), the mass transfer coefficient:
In this case, the generation rate of Ag(II) is expressed by Eq. (9):
When the applied current I is much higher than the limiting current, I lim , the rate of gas evolving at the electrode is enhanced. Vogt [21] proposed a correlation which defines a global mass transfer coefficient, k global :
where k bubbles depends on the gas flow production _ V g (m 3 /s), D is the gas diffusion coefficient in the liquid phase (m 2 /s), B is a constant related to the bubbles (shape, diameter, surface tension); its value is estimated with experimental data results, m is a function of the gas nature (in acidic media for oxygen, m = 0.5 [22] [23] [24] ) and A the area of the flow cross section (m 2 ).
is a function of the applied current intensity which produces oxygen, i O2 (A/m 2 ), and the molar volume of oxygen, V mol in m 3 /mol (Eq. (12)):
(ii) Kinetic regime under charge transfer limitation: when the applied current, I, is lower than the limiting current throughout the transient period, the production rate R gen in Eq. (4) is simply expressed by:
The simulations were performed by numerically solving the mass conservation equations (Eqs. ( (7), (9), and (13)) using a finite difference method [5] :
3. Materials and method
Electrochemical reactor
Electrolyses were performed under galvanostatic conditions in a two-compartment electrolytic flow cell (Diacell, Adamant Technologies, Switzerland) separated by a membrane (CMI-7000 Cation Exchange Membrane). All electrodes were disks with a working geometric area of 69 cm 2 . Nb/BDD (Condias GmbH, Germany) [18] , platinized titanium with two different platinum thicknesses (2 and 5 lm) and platinized niobium with 5 lm of platinum (Magneto special anodes B.V., Schiedam, The Netherlands) were used as anodes. The cathode was a Nb/BDD disk. The electrolytes were stored in two thermoregulated glass tanks (1 L capacity) and electrolyte recirculation was carried out using two peristaltic pumps. A sodium hydroxide gas scrubber was used to trap the NO x generated at the cathode. The flow rate in the electrochemical cell was 300 L/ h. The range of the applied current intensity values was 0.1-5.3 A.
Current-potential curves for the Ag(II)/Ag(I) system were recorded under galvanostatic conditions in the Diacell reactor connected to a mercurous sulfate reference electrode (MSE, Hg/ Hg 2 SO 4 /K 2 SO 4 ).
Chemicals and analysis procedure
Silver nitrate (AgNO 3 , Acros Organics, 99+%) was used for the electrogeneration of Ag(II). Nitric acid (VWR, analaR NORMAPUR, 68%) was used to prepare the electrolytic solutions.
Ag(II) was titrated by back potentiometry with Ce(III) (Acros Organics 99.5%) and Mohr's salt (NH 4 ) 2 Fe(SO 4 ) 2 Á6H 2 O (Acros Organics, 99+%). All the experiments were carried out with the optimal concentrations which were determined in a previous study [20] . The measurement of the generation rate of Ag(II) was standardized by considering the average variation of its concentration at the beginning of the electrolysis, which corresponds to the titration of three samples taken during the first 5 min. Values of the generation rate of Ag(II) were obtained by extrapolation to t = 0.
The kinetic constant k II was determined by assaying the Ag(II) concentration using UV spectroscopy (k = 580 nm, Hellma probe).
The conversion rate, X, of Ag(I) into Ag(II) is defined as the ratio of the silver(II) concentration to the initial Ag(I) concentration:
The instantaneous current efficiency (ICE) at time t is defined by:
Each experience was performed three times, the deviation does not exceed 5%, the average value is retained.
Results and discussion

Mass transport rate
Application areas of the Ag(II)/Ag(I) redox couple in the nuclear industry involve mass transport control; indeed the Ag(I) initial concentration is generally less than 0.1 mol/L in concentrated HNO 3 . Thus, the limiting current is an important parameter for the characterization of mass transport rates in Ag(II) electrosynthesis. Under the limiting current conditions, the process operates at the maximum rate. In an electrochemical process the limiting current is defined as the value when the change of the current with potential is minimum or zero (i.e.; when d(I)/d(E) = 0) [25] . Fig. 1 shows plots of the oxidation process corresponding to Eq. (1) with [Ag(I)] initial = 0.05 1 mol/L in 1 L of 6 mol/L HNO 3 . These curves were obtained under galvanostatic conditions at different flow rates for the DiaCell reactor. Each point was registered after 3 s at constant current. Each curve was plotted in direct and reverse scan; both scans gave the same result. During the drawing of a curve the decrease of the Ag(I) concentration was less than 1.5%. Ag(I) oxidation appears distinctly before water discharge; the oxidation wave of Ag(I) presents the classic shape of the progressive change of the kinetic limitation from charge transfer to mass transfer with increasing potential. The diffusion plateau reaches a 100 mV length. The mass transfer coefficient k was then determined using the limiting current measured at 1.48 V and corrected taking into account the residual current HNO 3 (6M) (Eq. (8)).
In the operating range of flow rate (120-300 L/h), at 30°C, the variation of k is correctly represented by a linear variation of the form: After the interruption of electrolysis, the Ag(II) concentration decreases with time due to its reduction by water (Eq. (2)) (zone III).
Measurement of the Ag(II) generation rate
Because of the increasing effect of the chemical reduction of Ag(II) (Eq. (2)) during the first phase, the electrochemical generation rate was determined for the different electrode materials at the beginning of the electrolysis of a solution. In addition, we made a more detailed study of the behavior of electrodes for applied currents I higher than the initial limiting current of Ag(I) oxidation in order to estimate their performance under conditions close to those used in industry. Fig. 3 shows the variation of Ag(II) concentration during electrolysis using different anode materials: Nb/BBD, Ti/Pt (2 lm and 5 lm) and Nb/Pt (5 lm). This figure shows that for Ag(II) = 0.05 -mol/L, the maximum conversion rate, X, is around 17.5% at 30°C on Nb/BDD while it is slightly higher on Nb/Pt (18.6%). The Ag(II) generation rate seems similar for the different anodes. More accurately, Table 1 summarizes the values of the Ag(II) generation rate extrapolated to t = 0 obtained for each anode. Assuming that the hydrodynamic conditions are similar for all the anodic materials tested, one can conclude that the rates obtained on the Nb/BBD electrode are slightly lower as that observed on Ti/Pt and Nb/Pt electrodes. This slight difference could result from morphological differences between electrodes. Indeed, the measured roughness of Nb/Pt is 30% higher than Nb/BDD (2276 nm), which could explain a higher active surface of the platinized electrode. Moreover, these results confirm that the thickness of platinum has no influence on the generation rate of Ag(II). This study current density on the Ag(II) generation rate for different anodes under conditions for which I lim = 0.67 A is shown in Fig. 5 . These curves show that the higher the current density, the greater the initial generation rate.
As expected for I < I lim (Eq. (13)), the generation rate increases with I, whereas above I lim , this rate increases more slowly. Eq. (9) cannot explain why the Ag(II) generation rate increases with the current density. However, it can be taken into account that during electrolysis, the depletion of Ag(I) leads to an increasing part of the current using for water discharge; a higher production of oxygen bubbles occurs. As shown in Eq. (10), the mass transfer coefficient increases locally.
Theoretical model of Ag(II) electrogeneration
The simulation results were carried out at currents higher (I = 1.1 A and I = 3.5 A) than the initial limiting current (I lim ¼ 0:65 A). The results obtained were compared with experimental data obtained for electrolysis under galvanostatic conditions. To perform the simulation, besides the mass transfer coefficient, the kinetic constant of Eq. (2) must be known. When a steady state was reached for the Ag(II) concentration, electrolysis was stopped and the Ag(II) concentration monitored versus time to measure the rate of Ag(II) reduction (Fig. 2) . Then k II was determined from Eq. (6). The activation energy was calculated for this reaction between 20 and 35°C; the value obtained 97.2 kJ/ mol is in agreement with that obtained by different authors [10, 11] . Table 2 presents the values of constant k II obtained in this study as well as some values available in the literature.
Comparison of theory and experiment
The comparison was made for two different values of initial currents: (i) higher than the limiting current (1.1 A) and (ii) much higher than the limiting current (3.5 A). In this model, only the production rate by electrolysis and the rate of Ag(II) hydrolysis are taken into account and it is seen that the model predicts the data fairly well. But, at a current higher than the limiting current we can expect competitive reactions between hydroxyl radicals and silver species [26, 27] according to Eqs. (17)- (21) .
The insoluble compound formed AgO decomposes to give Ag(I) according to the following equation:
Another competitive reaction may be suggested; an increasing current density enhances hydrogen peroxide formation (Eq. (20) , k 20 = 5.5 Â 10 9 L mol À1 s À1 [28] ) which causes the reduction of Ag(II) close to the electrode surface (Eq. (21), k 21 = 300 s À1 [13] ).
The good agreement between experiment and simulation proves that competitive reactions are not present or even can be neglected as can the hydrodynamic effect of gas evolution.
(ii) simulation at I = 3.5 A I=I lim ¼ 5:4 À Á Fig. 6c and d shows that for a current intensity much higher than the limiting current, the experimental values of the Ag(II) concentration are higher than those calculated from the model (Eq. (9)). When the applied current I is much higher than the limiting current, I lim , the rate of gas evolving at the electrode is enhanced. The mass transfer coefficient of Eq. (10) was estimated for each material from experimental data acquired during electrolysis conducted at currents higher than the limiting current. Table 3 summarizes the mass transfer contribution due to gas evolution, k bubbles , and the global mass transfer coefficient, k global , according to the correlation of Vogt Eqs. (10)- (12) . Taking this corrected k global value, the theoretical curve (continuous line) shows excellent fitting with the experimental points as can be seen in Fig. 6c  and d . Fig. 7 shows the variation of the experimental and theoretical instantaneous current efficiency (ICE) obtained at two currents (1.1 A and 3.5 A) on Nb/BDD and Ti/Pt 2 lm anodes. The theoretical ICE is calculated with the theoretical Ag(II) obtained in Fig. 6 .
Note that, except for at the beginning of electrolysis (t < 6 min), the theoretical value decays show an excellent fit with the experimental points whatever the applied current and the anode material. The very similar values obtained confirm that competitive reactions with hydroxyl radicals which can occur with a BDD anode are in fact negligible.
The difference between the first three experimental points and the model for both electrodes can be explained by the experimental error of the Ag(II) titration owing to the very low concentration of Ag(II) at the start of electrolysis. Moreover, stationary hydrodynamic conditions are not reached at the beginning of electrolysis.
Conclusion
It has been shown that the Nb/BDD electrode can efficiently generate Ag(II) in nitric acid media. Compared to results found with platinized electrodes (Ti/Pt 2 and 5 lm and Nb/Pt 5 lm) the generation rate was very similar and the conversion rate was of the same order of magnitude. Contrary to bibliography [14] , no deactivation of electrodes was observed. Simulation successfully predicted the behavior of the system. The theoretical results were compared with experimental data and the good agreement found indicates that competitive reactions with hydroxyl radical and Ag(II)/Ag(I) can be ignored.
For industrial applications, the choice of the anode will be confirmed after evaluation of the service life of each material under typical conditions of electrolysis. This study is in progress.
